In this study, the effect of modified optical density of states on the rate of Förster resonant energy transfer between two closely-spaced chromophores is investigated. A model based on a system of coupled rate equations is derived to predict the influence of the environment on the molecular system. Due to the near-field character of Förster transfer, the corresponding rate constant is shown to be nearly independent of the optical mode density. An optical resonator can, however, effectively modify the donor and acceptor populations, leading to a dramatic change in the Förster transfer rate. Single-molecule measurements on the autofluorescent protein DsRed using a l/2-microresonator are presented and compared to the theoretical model's predictions. The observed resonator-induced dequenching of the donor subunit in DsRed is accurately reproduced by the model, allowing a direct measurement of the Förster transfer rate in this otherwise inseparable multichromophoric system. With this accurate yet simple theoretical framework, new experiments can be conceived to measure normally obscured energy transfer channels in complex coupled quantum systems, e.g. in photovoltaics or light harvesting complexes.
Introduction
Since the early work of Förster, 1 the interaction between closely spaced fluorescent molecules via dipole-dipole coupling (fluorescence/Förster resonant energy transfer, FRET) has been a topic of great interest. [2] [3] [4] [5] [6] [7] [8] [9] The efficiency of the energy transfer depends on the spectral overlap between the emission of the donor chromophore and the absorption of the acceptor chromophore as well as on the distance and the mutual orientation of their respective transition dipole moments. While it is easily possible to design and prepare synthetic FRET-pairs and study the optical properties of the individual chromophores separately, this is not possible for many biological molecules such as the red fluorescent protein DsRed from the Discosoma reef coral. DsRed is known to form tetramers consisting of two different types of subunits containing a chromophore exhibiting fluorescence emission either in the green or red spectral regime. [10] [11] [12] These spectral properties along with the steric composition as derived from X-ray data suggest a non-radiative Förster energy transfer within a tetrameric unit which has indeed been experimentally proven by different spectroscopic approaches using single molecule and ensemble techniques. 2, 11, 13, 14 However, it is not possible to separate the tetramers into functional monomers by chemical or biochemical means to make the isolated chromophoric species addressable for further investigation.
A promising approach to spectrally isolate individual chromophoric subunits in biological FRET-systems is to modify the local photonic mode characteristics and density by using a l/2-microresonator. We have previously demonstrated the optical confinement effect on both the fluorescence spectrum and the emission rate of single (synthetic) dye molecules by embedding them in a transparent polymer between two planar silver mirrors separated by half of the emission wavelength. 15, 16 The influence of the modified photonic mode density on a system consisting of coupled molecular dipole emitters is theoretically well described [17] [18] [19] [20] [21] [22] and several experimental demonstrations on the ensemble level have been reported to date. [23] [24] [25] [26] In this article, we report the first investigation of the autofluorescent protein DsRed embedded in a l/2-microresonator by steady-state and time resolved spectroscopy down to the single molecule level. We use a novel microresonator design that allows coupling the fluorescence of individual chromophores to on-and off-axis cavity modes while maintaining physiological conditions for the embedded biomolecules. We show that, in this way, it is possible to spectrally isolate the two coupled chromophoric subunits of DsRed without destroying the composition of the tetrameric protein complex.
Rate equation model
To study the effect of a photonic environment on a FRETcoupled system, we introduce a rate equation model describing the energetic processes of the system. Shown in Fig. 1 , this model comprises two three-level subsystems D and A representing the donor and acceptor molecules, respectively. Each subsystem X (X = D, A) can be excited at the rate X 0 k exc = X 0 Js, where X 0 is the probability to find the subsystem in its electronic ground state, k exc is the excitation rate constant, J is the incident illumination photon flux at the absorption wavelength and s is the corresponding absorption cross section. Optical excitation of X 0 leads to a vibronic level in the first electronically excited state X 1 0 which thermally relaxes rapidly within some picoseconds to X 1 , from which it may decay nonradiatively or radiatively at the rates X 1 k nr and X 1 k rad , respectively. Here, k nr and k rad are the nonradiative and radiative decay rate constants, respectively. In addition, the subsystems D and A are coupled via the nonradiative channel representing Förster resonant energy transfer, described by the rate constant k T as a measure of the dipole-dipole coupling strength. This Förster transition rate is defined as the probability per time interval that an acceptor molecule is transferred from its ground state A 0 to its electronically excited state A 1 by absorbing a photon of the optical near-field of the donor chromophore with state D 1 . The transition rate is then given by
The population probability dynamics for the excited states D 1 and A 1 of the subsystems can be written by a system of coupled differential equations, :
where a dotted value denotes a derivative in time. Here, superscripts D and A denote values corresponding to the donor and acceptor subsystems, respectively. In equilibrium, the populations are described by the steady-state solution to eqn (1), obtained for :
A 1 = 0. With X 0 + X 1 = 1, donor and acceptor excited-state populations can then be written as
When placed in a modified photonic environment, e.g. a resonant cavity, the parameters in eqn (2) can change. First, the intensity of the incident light can be enhanced or suppressed when the cavity is excited on or off resonance, varying the incident photon flux J and thus k exc . With the intensity enhancement factor F exc = I(r)/I fs (r) denoting the incident intensity at the position r of the quantum system in a photonic environment compared to free space, the modified excitation rate constant can be expressed as k exc = F exc k exc,fs .
Second, the radiative decay rate constant k rad is proportional to the local density of optical states (LDOS) r corresponding to the transition energy. In a photonic background, r is a function of space and the emitter's orientation and can vary by many orders of magnitude, dramatically changing the behavior of the coupled quantum system. Introducing the LDOS enhancement factor F rad = r(r)/r fs (r) induced by the photonic environment at the position of the emitter, the radiative decay rate constant can be expressed as k rad = F rad k rad,fs . The value F rad is also known as the Purcell factor.
Finally, the Förster transfer rate constant k T can be influenced by the photonic background as well. While FRET is a nonradiative process, often described as a near-field dipole-dipole interaction, it is nevertheless influenced by modifications to the electromagnetic field: if a photonic system enhances the donor dipole's near-field, it will equally enhance the induced dipole moment in the acceptor, thus increasing the FRET speed. The photonic enhancement
2 of the donor's dipole field intensity at the position of the acceptor compared to free space thus also describes the enhancement of the FRET channel, k T = F T k T,fs , assuming that there is no change in polarization. The radiative and FRET enhancement factors can be conveniently computed given the photonic system's electromagnetic response in the form of its dyadic Green's function G. This 3 Â 3-tensorial function describes the electric field at an arbitrary position r 0 induced by a single dipole emitter in the photonic system,
Here, r is the position of the dipole emitter, p is its dipole moment, ho is the transition energy and m(r) is the magnetic permeability at the position of the emitter. The LDOS can directly be computed as
where G p = pÁGÁp and p = p/|p| is a unit vector in the direction of the emitter's dipole moment. In free space, eqn (4) results analytically in r fs (r) = o 2 /( hc 3 ); the LDOS is then homogeneous and isotropic. With eqn (4), the radiative enhancement factor can then be written as
The FRET enhancement factor F T can also be derived from eqn (3) with r and r 0 describing the positions of the donor and the acceptor, respectively:
The first term in eqn (6) can usually be neglected as the magnetic permeability is seldom changed in a photonic system. In our study, the acceptor is not directly excited, hence its excitation channel is drawn in gray.
In the second term, the absolute value of the donor's dipole moment cancels out, and so F T depends solely on |G| 2 in the direction of the donor's dipole moment. The dyadic Green's function G can be obtained using a number of analytical or numerical approaches. For the simple case of an ideal Fabry-Pérot microresonator, analytical calculations have been presented. 27 For more complex resonator geometries including multiple layers and interfaces, the transfer matrix method (TMM) provides a quasi-analytical solution. For arbitrary photonic systems, numerical methods such as the finite-difference timedomain (FDTD) 28 or surface integral equation (SIE) 29 approach may be required for satisfactory results.
k/2-Microresonator
Due to the simple geometry of a l/2-microresonator, its electromagnetic response can be calculated analytically. 27 The angular dependence of its modes' resonances limits the Purcell factor of a planar Fabry-Pérot-type resonator to at most F rad = 3, even for perfectly reflecting mirrors. Emission inhibition, on the other hand, can be very effective, reaching values of nearly F rad E 0. The size of a l/2-microresonator is on the order of the emitted light's wavelength, thus only the far field of an embedded emitter can populate its modes: as the near field's amplitude decays with R À3 , it will have nearly vanished even before reaching the resonator's mirrors for the first time. A comparison of a dipole emitter's far field to its near field shows that the intensity of the far field which is only one wavelength l away is more than 8 orders of magnitude weaker than that of the near field at a distance of l/100. One can thus see that even a large resonant enhancement of the cavity modes will have only a minuscule effect on the FRET rate constant k T . Changes in the FRET rate D 1 A 0 k T in a l/2-microresonator will therefore not be caused by a change in the rate constant, but instead by the changes in the donor and acceptor populations D 1 and A 0 , respectively. 30 In particular, efficient emission inhibition of the donor's emission wavelength can effectively increase its excited state population D 1 , leading to an increase in FRET. Similarly, inhibiting acceptor fluorescence can lead to a depletion of the ground state population A 0 , preventing Förster transfer.
Experimental results
To observe the effects predicted by our model, we experimentally studied the fluorescence of a Förster-coupled system in a l/2-microresonator. As a FRET system, we chose the autofluorescent protein DsRed, a complex molecule containing two spectrally isolated chromophoric subunits with fluorescence maxima at 505 nm and 580 nm, respectively. These two subunits can couple nonradiatively, allowing energy to be transferred from the energetically higher subunit to the lower subunit via FRET. The gray shaded area in Fig. 2(b) shows the free-space emission spectrum of DsRed when illuminated at 473 nm, clearly displaying the two fluorescence peaks. The photonic background in our study was defined by a l/2 Fabry-Pérot microresonator enclosing the DsRed molecules.
A schematic diagram of the sample-microresonator system is shown in Fig. 3 . While one of the resonator's mirrors is flat, the other is minimally curved with a radius of R = 150 mm. This curvature is slight enough that the mirrors can still be assumed to be parallel, yet causes a well-defined variation in the mirror separation L(x,y) in the resonator plane. The longitudinal resonance wavelength can thus be tuned by scanning the detection point across the resonator. The blue and red solid lines in Fig. 2(b) show the fluorescence spectra of DsRed in the microresonator for two different mirror separations L. The corresponding white-light transmission spectra, indicating the resonator's longitudinal resonances for the two mirror separations, are shown by the shaded dashed lines of the same color. The amplitudes of these spectra are not shown to scale but magnified to aid interpretation. Immediately, one can see that by choosing the correct resonance wavelength, one emission peak can be greatly enhanced while the other is nearly completely suppressed. For the blue curve, the normally dominant peak at 580 nm is so effectively suppressed by the resonator that it is visible only as a slight hump on the blue peak's flank. For the red curve, the off-resonance peak at 505 nm has completely disappeared. In both curves, the resulting peaks are asymmetric, showing a steep flank on the red side and a slow roll-off on the blue side. This is typical for emitters in a l/2-resonator as the longitudinal resonance wavelength also corresponds to the resonator's cutoff wavelength: light with a wavelength longer than the longitudinal resonance cannot populate any mode in the resonator. Shorter wavelengths, however, can populate off-axis modes which are no longer parallel to the z-axis but which can nevertheless be collected by the high NA of the used objective.
The spectra of single DsRed tetramers shown in Fig. 2 (a) in blue (donor resonat) and red (acceptor resonat) illustrate that the influence of the resonator on transfer coupled systems is observable even on the single particle level. This enables a precise control and study of individual chromophores within one distinct transfer coupled complex, whose optical properties may vary by i.e. induced environmental influences. To verify that the influence of the resonator on the molecules' emission spectra is indeed an effect of their varied emission rates and not simply a filtering of the emitted light, the acceptor fluorescence lifetime t A was studied as a function of the cavity resonance wavelength, viz. Fig. 2(c) . The points show measured lifetimes and the curve is a calculation using the transfer matrix method (TMM) assuming a free-space fluorescence lifetime of t A rad,fs = 6.7 ns and an emission quantum yield of F A rad,fs = 25.2%. The dramatic change in the measured lifetime agrees perfectly with the calculation's prediction. The red and blue arrows indicate the two resonator configurations at which the spectra in Fig. 2(b) were recorded, corresponding to the cases of inhibition (blue) and enhancement (red) of strong acceptor emission.
To study the resonator's effect quantitatively and to verify the rate-equation model presented above, we study the resonator-induced dequenching of the donor chromophore: when the resonator is tuned to the emission peak at 505 nm, Fig. 2(b) shows that besides amplifying the donor emission, the acceptor fluorescence is effectively suppressed. If the quantum yield of the acceptor chromophore is sufficiently high, the lifetime of the A 1 state will then be considerably increased. From eqn (1) one follows that an excited acceptor choromophore cannot participate in FRET and so this decay channel is lost to the donor. The resulting shift in the relative transition efficiency causes an increase in donor emission intensity compared to acceptor fluorescence. Fig. 4 shows the donor-to-acceptor fluorescence ratios for DsRed in a microresonator tuned to 505 nm (circles) and in free space (triangles), measured for increasing excitation power. In free space, this ratio remains in the order of 0.5 for all illumination power. With the acceptor fluorescence suppressed by the resonator, however, the donor dominates the fluorescence by a ratio of up to 10/1 in the measured range.
Typically, this behavior is difficult to observe in free space, since, on the one hand, the fluorescence lifetime of a typical acceptor dye is rather short and, on the other hand, the fluorescence lifetime of a typical (unquenched) donor, being in the same range, is too long. Hence, the acceptor has already relaxed to the ground state while the donor is still excited, allowing for another energy transfer which quenches the emission of the donor. However, using a microresonator system, it is possible to precisely adjust the radiative rates of the respective chromophores. Thus, one can significantly shorten the lifetime of the donor chromophore while the lifetime of the acceptor chromophore is lengthened.
One might argue that the larger D/A fluorescence ratio in the resonator is simply due to the fact that the donor fluorescence is enhanced and the acceptor fluorescence is suppressed by the resonator, even without a change in the FRET efficiency. This static effect, however, should not depend on the illumination power P exc . In fact, the effect of static fluorescence enhancement can be observed for P exc -0. The modified fluorescence speed k rad thus causes a change from f D /f A E 0.5 to f D /f A E 2.0, while the illumination-dependent modification of the FRET efficiency increases the ratio to f D /f A E 10.
The dynamic behavior observed in the measurement is accurately reproduced by the rate equation model presented in this paper. The blue line in Fig. 4 shows the donor-toacceptor fluorescence ratio
) predicted by our model for decay efficiencies F x = k x /k tot given in Table 1 . These values correspond to excited state fluorescence lifetimes of 2.8 ns and 2.6 ns for the uncoupled donor and acceptor, respectively, with fluorescence quantum yields (without FRET) of 18.1% and Fig. 4 Measured donor-to-acceptor fluorescence ratios of DsRed in free space (triangles) and in a microresonator tuned to the donor emission wavelength (circles) for varying illumination power P exc . Blue line is the predicted behavior for the presented rate-equation model. 25 .2%. The FRET rate constant k T then corresponds to a value of 2.1 GHz, in agreement with previously measured data. 31 With these values, the model's predictions are in excellent agreement with our experimental results.
Having confirmed the accuracy of our model, we can now explore the parameter space of the studied system. In Fig. 5 , we plot the donor-to-acceptor fluorescence ratio (red surface, left scale) and the FRET efficiency,
(green surface, right scale) for typical values of the resonator mirror separation L and illumination power P exc . Many interesting features can be observed in this representation. First, one can see that the large increase in the D/A fluorescence ratio is only possible if the resonator is tuned to the correct wavelength. A large enhancement can be seen if the acceptor fluorescence is effectively inhibited while allowing, or even enhancing, donor emission. For larger L, both donor and acceptor emissions are allowed, and so the D/A ratio is similar to that in free space (cf. triangles in Fig. 4 ). For very small L, both donor and acceptor emissions are suppressed. While the D/A ratio is not strongly enhanced in this case, it shows a saturation onset at very low power P exc . This is due to the fact that, with fluorescence being inhibited, Förster transfer plays the dominant role in the energy dynamics of the coupled system. As the resonator modes prevent the acceptor from decaying radiatively, the resulting FRET inhibition is clearly visible already at very low power. Finally, one can see that the FRET efficiency F T varies greatly across the shown parameter space. Depending on the incident power, tuning the resonator mirrors allows us to reduce the FRET efficiency between 50% and 75%. It should be pointed out that this is not a modification of the FRET rate constant k T as per the factor F T (here, F T = 1), as the resonator is not capable of sufficiently modifying the near field of the donor dipole. Much more, it is an active modification of the other transition parameters D 1 and A 0 , allowing us to selectively change the rate and efficiency of the Förster transfer. 
